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1
METHOD FOR PREPARING A POWDER
COMPRISING CARBON, SILICON AND
BORON, THE SILICON BEING IN SILICON
CARBIDE FORM AND THE BORON BEING IN
BORON CARBIDE FORM AND/OR BORON
ALONE

RELATED APPLICATIONS

This application is a U.S. National Phase of International
Application No. PCT/EP2010/055829, filed Apr. 29, 2010,
designating the U.S., and published in French as WO 2010/
125149 on Nov. 4, 2010 which claims the benefit of French
Patent Application No. 09 52842 filed Apr. 29, 2009.

TECHNICAL FIELD

The present invention relates to a method for preparing a
powder comprising carbon, silicon and boron, the silicon
being in silicon carbide form and the boron being in boron
carbide and/or boron only form.

The said powders, since they comprise boron in particular,
such as powders comprising at least 5% by weight of boron,
are powders which are readily sintered and hence lend them-
selves to the design of parts consolidated from the said pow-
ders.

Therefore, the powders obtained with the method of the
invention can find application in the design of parts obtained
by sintering.

The powders obtained with the method of the invention can
also be used for the design of self-healing matrixes, in par-
ticular when they have a boron content of more than 5% by
weight. The self-healing phase of the said matrixes needs to
have a contact surface with oxygen that is as high as possible.
On account of the surface/volume ratio, the reactivity with
respect to oxygen is thereby increased and boron carbide
oxidizes to B,O; form at lower temperatures and with faster
kinetics.

BACKGROUND

Powders containing carbon, silicon and boron have been
produced up until now using three types of techniques:

the mechanical alloying technique;

the technique using a solution route;

the technique using a thermal route.

The mechanical alloying technique consists of mechani-
cally grinding submicron-size powders of silicon carbide
(SiC) and boron carbide (B,C), in a device of crusher or ball
mill type, for a sufficient time (often several hours) in an
attempt to obtain a closely mixed powder having a silicon
carbide phase and a boron carbide phase. However, no obtain-
ing of powders of nanometric size has been reported using
this technique. Moreover, the mechanical milling of powders
may generate pollution of the resulting powders by elements
originating from the milling device. As a result, the powders
derived from this process cannot be used in applications
requiring powders of high purity.

According to the solution technique, powders comprising
carbon, silicon and boron are synthesized via sol-gel process
using silicon-based precursors, carbon-based precursors and
boron-based precursors. Such is the case in particular with the
process described in Zhi-min et al. (Trans. Nonferrous Met.
Soc. China, 16 (2006), 470-473), which respectively com-
prises:
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2

a step to mix tetraethoxysilane, ethanol, sucrose and water;

a step to add tributyl borate to the resulting mixture, the pH
being maintained until homogenization at a value of
between 3 and 4,

a drying step in an oven at 60° C. to obtain a gel;

a carbothermal reducing step of the formed silica.

According to the technique via thermal route, the powders
comprising carbon, silicon and boron can be prepared from
gaseous precursors using different heat sources such as laser
(in which case the term laser pyrolysis is used) or a plasma.

For example, Vassen et al. (Journal of Materials Science 31
(1996) 3623-3637), using laser pyrolysis, synthesized pow-
ders comprising carbon, silicon and boron from a mixture of
precursors: SiH,—C,H,—B,H, with a boron content not
exceeding 4% by weight. This synthesis mode, inter alia, has
the disadvantage of using diborane B,Hg,, which is an
unstable gas of high cost, and on this account difficult to use
for producing powders having higher boron contents than the
above-mentioned content.

Guo et al. (Journal of Materials Science, 32 (1997), 5257-
5269) synthesized powders comprising carbon, silicon and
boron through the use of a thermal plasma from a mixture
comprising solid silicon, boron trichloride BCl; and methane
CH,. The powders obtained with this synthesis mode com-
prise less than 4% by weight of boron and finally do not give
any boron carbide phase (B,C) but boron nitride. The forma-
tion of boron nitride is generated by reaction of the nitrogen
N, derived from the plasma on the transiently formed boron
carbide as per the following reaction:

(V2)B4C+N,—2BN+(12)C

In addition, the powders obtained with this method are of
submicron size.

Other authors have endeavored to synthesize powders
comprising carbon, silicon and boron using thermal plasma,
in particular using a radiofrequency plasma torch, such as
Saiki et al. in U.S. Pat. No. 4,847,060 starting from a mixture
of reagents such as a mixture of SiCl,, CH, and BCl;, and
arriving at submicron powders having poor boron distribution
in the particles of boron carbide and a boron content not
exceeding 5% by weight.

On the basis of the drawbacks of prior art methods, the
authors hereof have set themselves the objective of proposing
a method for preparing powders comprising carbon, silicon
and boron in the form of silicon carbide and boron carbide
and/or boron alone, the said method being of simple imple-
mentation and low cost and which, by means of a reasoned
combination of steps and reagents, allows powders to be
obtained able to meet the following characteristics:

nanometric size of the constituent particles of the powder;

narrow size distribution;

a boron content which may be high (for example possible
reaching 30% by weight relative to the total weight of
the other elements present in the powder);

good dispersion of the silicon carbide and boron carbide
phases;

controlled composition of the powder, in particular regard-
ing the ratios Si/B, Si/C and B/C.

SUMMARY

Therefore, the invention pertains to a method for preparing
a powder comprising carbon, silicon and boron, the silicon
being in the form of silicon carbide and the boron being in the
form of boron carbide and/or boron alone, comprising the
following steps:
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a step for contacting a carbon-based precursor, a silicon-
based precursor and a boron-based precursor BX;, X
being a halogen atom, so as to obtain a mixture of these
three precursors;

a step to subject the resulting mixture to laser pyrolysis,

the boron-based precursor BX; being heated, prior to the
contacting step and/or simultaneously with the contacting
step, to a temperature higher than the condensation tempera-
ture thereof.

This newly implemented method gives rise to the following
advantages:

incorporation of the boron in the synthesized powders to
the extent of the quantity of boron-based precursor used
in the method, which allows the obtaining, if so desired,
ot high boron contents in the resulting powders;

the obtaining of a powder having a mean nanometric par-
ticle size and narrow size distribution.

Therefore, as mentioned above, the invention comprises a
step to heat the boron-based precursor BX;, X being a halo-
gen atom, to a temperature higher than its condensation tem-
perature before the contacting step and/or during the said
contacting step, for example to a temperature ranging from 40
to 60° C. By proceeding in this manner, condensation of the
precursor is prevented before it is subjected to pyrolysis,
thereby preventing the obtaining of a quantity of precursor
that cannot be incorporated into the powder on account of this
condensation. By means of this step, the entirety of the boron
derived from the precursor used to implement this method
will be a constituent part of the powders. By adjusting the
quantity of boron precursor used, it will therefore be possible
directly to predict the quantity of boron which will be incor-
porated in the powder, and thereby to control the boron con-
tent thereof. This heating step, since it excludes the conden-
sation of the boron-based precursor, also prevents damage to
the equipment used to implement the method e.g. through
clogging of the injection nozzles by the product resulting
from condensation of the boron-based precursor.

The heating step may be conducted before the contacting
step, for example before contacting the boron-based precur-
sor with the other precursors (namely, the silicon-based pre-
cursor and the carbon-based precursor), this heating step pos-
sibly being conducted in an enclosure comprising the boron-
based precursor (this enclosure possibly being a vessel for
example having an outlet pressure of at least 0.4 bar) and/or in
the injection duct of the said precursor intended to convey this
precursor into the chamber where it will be contacted with the
other precursors.

The heating step, in addition to avoiding condensation of
BX,, allows an increase in the flow rate of BXj, in particular
giving access to a flow rate sufficient to obtain large quantities
of powder (for example a rate of 100 g/h).

The heating step may also be carried out during the con-
tacting step, in which case the heating step will concern all the
precursors contacted during this step.

It is not excluded, in the meaning of the invention, that the
heating step may take place both before the contacting step
and during the contacting step, so that there is no condensa-
tion of the boron-based precursor before the pyrolysis step.

The boron-based precursor may be boron trichloride BCl;.

‘When the boron-based precursor is boron trichloride BCl,,
it may be heated prior to the contacting step and/or simulta-
neously with the contacting step to a temperature ranging
from 40° C. to 50° C.

As mentioned above, the method of the invention com-
prises a contacting step, before laser pyrolysis, to contact a
boron-based precursor BX;, X being a halogen atom, a car-
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4

bon-based precursor and a silicon-based precursor. Prefer-
ably the boron-based precursor is boron trichloride.

The carbon-based precursor may be a compound chosen
from among the alkanes such as methane, the alkenes such as
ethylene, and the alkynes such as acetylene.

Preferably, the carbon-based precursor may be a gaseous
alkyne such as acetylene C,H, which has the particularity of
being highly reactive during the pyrolysis step, since it
decomposes more rapidly than methane CH, and ethylene
C,H, and at lower temperature.

The silicon-based precursor is preferably a silane com-
pound such as SiH,.

Preferably, the boron-based precursor is BCl;, the carbon-
based precursor is acetylene C,H, and the silicon-based pre-
cursor is SiH,, this mixture of precursors being advantageous
from a cost viewpoint and also having thermokinetic proper-
ties that are particularly well suited for the method of the
invention, in particular with a view to obtaining homoge-
neous powders in terms of size and composition.

The carbon-based precursor, the silicon-based precursor
and the boron-based precursor, as is conventional are con-
tacted in a mixing chamber, which can be heated to a tem-
perature higher than the condensation temperature of the
boron-based precursor. The injection of the carbon-based
precursor, of the silicon-based precursor and of the boron-
based precursor is advantageously carried out separately in
the chamber, so that there is no contact between the precur-
sors before they are placed in contact inside the chamber. This
also allows the avoiding of chemical reactions between the
precursors before they are placed in the mixing chamber. For
this purpose, the mixing chamber can be provided with three
separate injection orifices. Preferably, the injection of the
precursors into the chamber is conducted vertically, which in
other words means that the precursors are injected into a
vertical chamber into the upper part thereof and are then
concentrated under the effect of gravity in the lower part of
the chamber after they have been injected.

The precursors are injected at predetermined rates in rela-
tion to the characteristics of the desired powder (particularly
in terms of boron content, carbon content and silicon con-
tent).

The resulting mixture is then subjected to a laser pyrolysis
step.

Laser pyrolysis is based on the interaction between precur-
sors in the gaseous state (in our case here, the carbon-based
precursor, the boron-based precursor and the silicon-based
precursor) and a laser, generally a CO, laser, the said inter-
action translating as resonance between the emission spec-
trum of the laser and the absorption spectrum of the precur-
sors. Absorption corresponds to the excitation of the vibration
levels of the precursor molecules, which absorb the energy of
laser radiation. The energy of the excited precursor molecules
is propagated from molecule to molecule, generating the dis-
sociation thereof and thereby forming a super-saturated
vapour, in which nucleation and growth take place of the
constituent particles of the powder. A flame called an
<<incandescent>> flame may then be observed. The formed
particles undergo an annealing effect on leaving the flame, the
effect of which is to stop the growth of the particles.

From a practical viewpoint, the mixture obtained during
the above-mentioned mixing step, as is conventional, is
injected via an injection nozzle into a laser pyrolysis chamber
in which a laser beam is emitted. The pressure in the pyrolysis
chamber may range from 100 mbar to 900 mbar.

The laser used may be a gas laser, in particular a carbon
dioxide laser able to emit in the infrared (their main wave-
length band being centred between 9.4 and 10.6 pm). The
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power of a said laser may reach as high as 20000 W, and may
range for example from 200 to 700 W.

Each fraction of the mixture (namely the fraction of mix-
ture passing in the laser beam) is subjected to a short resi-
dence time, for example from 1 to 10 ms and at a temperature
possibly ranging from 1000° C. to over 2500° C.

This method leads to nanometric powders comprising car-
bon, silicon and boron, the silicon being in the form of silicon
carbide, the boron being in the form of boron carbide and/or
free boron, and the carbon in addition to its presence in the
form of carbide(s) possibly also being in the form of free
carbon. The powders obtained have a narrow size distribution
and may have a boron content ranging from 1 to 30% by
weight relative to the total weight of the other elements
present in the powder.

The powder obtained advantageously consists of nanomet-
ric particles, themselves advantageously consisting of boron
carbide B,C and silicon carbide SiC phases.

The powders obtained with this method can then be col-
lected in a collector device.

These powders can be used to form sintered parts having
advantageous mechanical properties on account of the nano-
metric nature of the powders, or to produce self-healing
matrixes.

The method of the invention can be implemented in a
device respectively comprising:

an injection chamber, into which the precursors are
injected, which chamber can be composed of a heated
mixing chamber, an injection rod connected to the upper
part of the chamber, two injection rods connected to the
side part of the chamber which allow the separate inject-
ing of the different precursors, an injection nozzle allow-
ing the injection into a pyrolysis chamber;

a pyrolysis chamber, in which a laser beam is emitted
which will interact with the mixture of precursors to
form the above-mentioned powder.

The invention will now be described with reference to the

following examples given for illustration and which are non-
limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 gives a schematic illustration of a reactor capable of
allowing the implementation of the method of the invention.

FIG. 2 is an X-ray diffractogram (the X-axis representing
the angle 26 and the Y-axis the intensity I (in arbitrary units
au.) of the powder obtained according to the example
described below.

DETAILED DISCUSSION OF CERTAIN
ILLUSTRATIVE EMBODIMENTS

Example

The present example illustrates the preparation of a powder
comprising both a silicon carbide phase and a boron carbide
phase by laser pyrolysis, conducted in a reactor 1 illustrated in
FIG. 1 comprising the following elements:

an injection chamber into which the precursors are injected

then mixed before being subjected to laser pyrolysis, the
said chamber is composed of a heated mixing chamber
5, an injection rod connected to the upper part of the
chamber, two injection rods 9 connected to the side part
of the chamber, an injection nozzle 13 allowing the
injection of the mixture into a pyrolysis chamber; a
confinement flue 15 arranged around the injection
nozzle;
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6

apyrolysis chamber 17 in which a laser beam 19 is emitted
from a laser emitting device 21 which will interact with
the mixture of precursors to form the above-mentioned
powder.

The confinement flue firstly allows the produced powders
to be contained within a laminar flow and secondly it prevents
any contact with the metal walls of the reaction chamber and
thereby avoids possible pollution.

The operating protocol is the following.

Into the mixing chamber, the injection is made of the fol-
lowing precursors:

a silicon-based precursor: SiH,;

a carbon-based precursor: acetylene C,H,;

a boron-based precursor: BCl; at the following respective
flow rates: 3.6, 1.8 and 0.14 [./min, the flow rates being
controlled by mass flow regulators,

the said precursors are mixed in the said heated chamber to
a temperature of 45° C.

In this example, the boron trichloride BCl, is injected into
the chamber via the injection rod 7, whilst the acetylene and
SiH, are injected into the chamber via the injectionrods 9 and
11.

The boron-based precursor BCl; is previously heated
before being injected into the reactor to 45° C. both before
and during its passing in the injection rod.

The boron-based precursor BCl, is derived from a vessel in
which it is contained, the vessel having an outlet pressure of
atleast 0.4 bar, this vessel being heated to 45° C. and agitated
to accelerate the diffusion of heat therein and hence the trans-
fer of the boron-based precursor BCl;.

The mixture of precursors obtained in the mixing chamber
is then injected via the injection nozzle into the pyrolysis
chamber at a flow rate of 7.2 L-min~" in which it is subjected
to an infrared (IR) laser beam, more precisely a CO, laser
used at an operating power of 5000 W for a residence time of
2.8 ms.

The rate of production of the powder on leaving the pyroly-
sis chamber is of the order of 391 g/h.

The powder obtained was analyzed using the following
techniques:

X-ray diftraction, whose diffractogram is given in FIG. 2;

observation of powder samples under transmission micros-
copy.

In the X-ray diffractogram of a sample obtained in accor-
dance with the above-defined protocol the presence of the
following phases was observed:

a silicon carbide phase 3-sic, whose presence is indicated

by an arrow in FIG. 2;

a crystalline boron carbide phase and an amorphous boron
carbide phase, whose presence is indicated by two sepa-
rate arrows, the amorphous boron carbide phase being in
the minority.

The width of the diffraction peaks in the diffractogram is an
indication of the nanometric nature of the crystallites forming
these powders.

The powder obtained was also the subject of elementary
chemical analysis, to determine the weight percentage of each
of'the chemical elements present therein.

The values obtained with elementary chemical analysis are
the following:

Boron: 27% by weight

Silicon: 36% by weight;

Carbon: 28% by weight;

Oxygen: 8% by weight

measurement error possibly being of the order of 2 to 3 weight
% according to element.
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The measurement was also made of the mean size of the
constituent particles of the powder (namely the mean diam-
eter thereot) using two methods:

by transmission electron microscopy of the powder, which

allowed the determination of a mean particle size of 25
nm, with narrow size distribution centred around this
value;

by measurement of specific surface area using the BET

method, and by measurement of density using helium
pycnometry which allowed the determination of a mean
particle size of 22 nm.

Using the BET method, a BET specific surface area was
also determined, of 102 m?/g.

What is claimed is:

1. A method for preparing a powder comprising carbon,
silicon and boron, the silicon being in silicon carbide form
SiC and the boron being in boron carbide form B4C, com-
prising:

providing:

a carbon-based precursor selected from the group consist-

ing of gaseous alkanes, alkenes and alkynes,

a silicon-based precursor which is a gaseous silane com-

pound, and

a boron-based precursor BX;, X being a halogen atom;

contacting said carbon-based precursor, said silicon-based

precursor and a said boron-based precursor, to obtain a
mixture of these three precursors;

prior to said contacting, heating said boron-based precur-

sor BX, to a temperature higher than a condensation

temperature of the boron-based precursor; and
subjecting the resulting mixture to laser pyrolysis so as to

obtain the powder comprising carbon, silicon and boron,
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the silicon being in silicon carbide form SiC and the
boron being in boron carbide form B,C;

wherein the powder has a boron content ranging between
5% to 30% by weight relative to the total weight of the
elements present in the powder.

2. The preparation method according to claim 1, wherein
the boron-based precursor is boron trichloride BCl;.

3. The method according to claim 1, wherein the carbon-
based precursor is acetylene.

4. The method according to claim 1, wherein the silicon-
based precursor is SiH,,.

5. The method according to claim 1, wherein the boron-
based precursor is boron trichloride, the carbon-based pre-
cursor is acetylene and the silicon-based precursor is SiH,.

6. The method according to claim 1 wherein, when the
boron-based precursor is boron trichloride BCl;, and wherein
the boron-based precursor is heated prior to the contacting
step and/or simultaneously with the contacting step to a tem-
perature ranging from 40 to 50° C.

7. The method according to claim 1, wherein the contacting
step is conducted in a chamber into which the carbon-based
precursor, the silicon-based precursor and the boron-based
precursor are separately injected.

8. The method according to claim 1, wherein the laser used
in the laser pyrolysis step is a gas laser.

9. The method according to claim 8, wherein the gas laser
is a carbon dioxide laser.

10. The method according to claim 1, wherein the powder
is formed of nanometric particles.

11. The method according to claim 1, wherein the powder
is composed of nanometric particles formed of B,C and SiC
phases.



